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CHAPTER 5
FREE CONVECTION
Nazaruddin Sinaga
Laboratorium Efisiensi dan Konservasi Energi
Jurusan Teknik Mesin Universitas Diponegoro
FREE CONVECTION 
The cooling of a boiled egg in a cooler environment by 
natural convection.
The warming up of a 
cold drink in a 
warmer environment 
by natural convection
Natural Convection
Where we’ve been ……
• Up to now, have considered forced convection, that is 
an external driving force causes the flow.
Where we’re going:
• Consider the case where fluid movement is by 
buoyancy effects caused by temperature differential
Events due to natural convection
• Weather events such as a thunderstorm
• Glider planes
• Radiator heaters
• Hot air balloon
• Heat flow through and on outside of a double pane 
window
• Oceanic and atmospheric motions
• Coffee cup example ….
Small velocity
Natural Convection
• New terms 
– Volumetric thermal expansion coefficient
– Grashof number
– Rayleigh number
• Buoyancy is the driving force
– Stable versus unstable conditions
• Nusselt number relationship for laminar free 
convection on hot or cold surface
• Boundary layer impacts: laminar  turbulent
Buoyancy is the driving force in Natural 
Convection
• Buoyancy is due to combination of
– Differences in fluid density
– Body force proportional to density
– Body forces namely, gravity, also Coriolis force in 
atmosphere and oceans
• Convection flow is driven by buoyancy in unstable conditions
• Fluid motion may be                                
(no constraining surface) or along a surface
Buoyancy is the driving force
• Free boundary layer flow
Heated wire or hot pipe
Typical velocity and  
temperature profiles for 
natural convection flow 
over a hot vertical plate at 
Ts inserted in a fluid at 
temperature T.
A heated vertical plate
Natural Convection Boundary Layer : 
Governing Equations
• The difference between the two flows (forced flow and free 
flow) is that, in free convection, a major role is played by 
buoyancy forces.
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•Consider the x-momentum equation.
•As we know,                   , hence the x-pressure gradient in the 
boundary layer must equal that in the quiescent region outside the 
boundary layer.
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Pascal Law :
Governing Equations 
• Define , the volumetric thermal expansion coefficient.
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For  all liquids and  gases
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Density gradient is due to the temperature gradient
T
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Governing Equations 
• Buoyancy effects replace pressure gradient in the momentum 
equation.
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Strongly coupled and must be solved simultaneously
•The buoyancy effects are confined to the momentum equation, so 
the mass and energy equations are the same.
Dimensionless Similarity Parameter
• The x-momentum and energy equations are
 velocityreferencearbitrary an  is u 
 and length, sticcharacteri a is L where
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Dimensionless Similarity Parameter 
• Define new dimensionless parameter,
1
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forced natural
•Grashof number in natural convection is analogous to the Reynolds 
number in forced convection.
•Grashof number indicates the ratio of the buoyancy force to the 
viscous force.
•Higher Gr number means increased natural convection flow
for pipes
for vertical flat plates
for bluff bodies
The transition to turbulent flow occurs in the range  for 
natural convection from vertical flat plates. At higher 
Grashof numbers, the boundary layer is turbulent; at lower 
Grashof numbers, the boundary layer is laminar.
where the L and D subscripts indicates the length scale 
basis for the Grashof Number.
g = acceleration due to Earth's gravity
β = volumetric thermal expansion coefficient (equal to 
approximately 1/T, for ideal fluids, where T is 
absolute temperature)
Ts = surface temperature
T∞ = bulk temperature
L = length
D = diameter
ν = kinematic viscosity
Franz Grashof
Born 11 July 1826
Düsseldorf, Germany
Died 26 October 1893 (aged 67)
Karlsruhe, Germany
Nationality German
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Laminar Free Convection on Vertical Surface
• As y → :  u = 0,  T = T
• As y → 0  :  u = 0,  T = Ts
• With little or no external driving flow, 
Re  0 and forced convection effects 
can be safely neglects
Pr),( LL GrfNu =
1
Re2
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The simple empirical correlations for the average Nusselt number 
Nu in natural convection are of the form :
where RaL is the Rayleigh number, which is the product of the 
Grashof and Prandtl numbers:
o The values of the constants C and n depend on the geometry of 
the surface and the flow regime, which is characterized by the 
range of the Rayleigh number.
o The value of n is usually ¼ for laminar flow and 1/3 for turbulent 
flow, while the value of the constant C is normally less than 1.
o All fluid properties are to be evaluated at the film temperature 
Tf = (Ts + T)/2.
Empirical solution for the local  Nusselt number in laminar free 
convection
(Pr)
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Where 
Effects of Turbulence
• Just like in forced convection flow, hydrodynamic instabilities may 
result in the flow.
• For example, illustrated for a heated vertical surface:
• Define the Rayleigh number for relativemagnitude of buoyancy 
and viscous forces
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Empirical Correlations
Typical correlations for heat transfer coefficient developed from 
experimental data are expressed as:
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n For   Turbulent 
For   Laminar
Vertical Plate at constant Ts
LNuLog10
LRaLog10
•Alternative applicable to entire Rayleigh number range (for constant Ts)
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•Use same correlations for vertical flat plate if:
Free Convection : Vertical Plate
Cold plate or Hot fluidHot plate or Cold fluid
Free Convection from  Inclined Plate
Cold plate or Hot fluid
Hot plate or Cold fluid
Horizontal Plate
Cold Plate (Ts < T)
Hot Plate  (Ts > T)
Active Upper Surface
Active Lower Surface
Empirical Correlations : Horizontal Plate 
•Define the characteristic length, L as
P
A
L s
•Upper surface of heated plate, or  Lower surface of cooled plate :
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•Lower surface of heated plate, or Upper surface of cooled plate :
( )1054/1 1010        27.0  = LLL RaRaNu
Note: Use fluid properties at the film temperature
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Empirical Correlations : Long Horizontal Cylinder
•Very common geometry (pipes, wires)
•For isothermal cylinder surface, use general form equation 
for computing Nusselt #
n
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0.333         0.125             10 - 10
0.250         0.480              10 - 10
0.188         0.850              10 - 10
0.148           1.02           10 - 10
0.058         0.675          10 - 10
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Constants for general Nusselt number Equation


The End
Terima kasih
EFFICIENCY AND ENERGY 
CONSERVATION LABORATORY OF 
DIPONEGORO UNIVERSITY
36
       
REFERENCES 
1. Y. A. Cengel. Heat Transfer: A Practical Approach, Mc Graw-Hill 
Education, New York, 2007.   
2. F. Kreith. Principles of Heat Transfer. Harper International Edition, New 
York, 1985 
3. J. P. Holman. Heat Transfer, Mc Graw-Hill Book Company, New York, 
1996.  
4. S. Kakac & Y. Yener. Convective Heat Transfer. CRC Press, Boca Raton, 
1995.  
5. Sinaga, Nazaruddin,  A. Suwono, Sularso, and  P. Sutikno. Kaji Numerik 
dan Eksperimental Pembentukan Horseshoe Vortex pada Pipa Bersirip 
Anular, Prosiding, Seminar Nasional Teknik Mesin II, Universitas Andalas, 
Padang, Desember 2003 
6. Sinaga, Nazaruddin,  A. Suwono dan Sularso. Pengamatan Visual 
Pembentukan Horshoe Vortex pada Susunan Gormetri Pipa Bersirip 
Anular, Prosiding, Seminar Nasional Teknik Mesin II, Universitas Andalas, 
Padang, Desember 2003. 
7. Sinaga, Nazaruddin. Pengaruh Parameter Geometri dan Konfigurasi 
Berkas Pipa Bersirip Anular Terhadap Posisi Separasi di Permukaan Sirip, 
Jurnal Ilmiah Poros, Jurusan Teknik Mesin FT Universitas Tarumanegara, 
Vol. 9 No. 1, Januari, 2006. 
8. Cahyono, Sukmaji Indro, Gwang-Hwan Choe, and Nazaruddin Sinaga. 
Numerical Analysis Dynamometer (Water Brake) Using Computational 
Fluid Dynamic Software. Proceedings of the Korean Solar Energy Society 
Conference, 2009. 
9. Sinaga, Nazaruddin. Pengaruh Model Turbulensi Dan Pressure-Velocity 
Copling Terhadap Hasil Simulasi Aliran Melalui Katup Isap Ruang Bakar 
Motor Bakar, Jurnal Rotasi, Volume 12, Nomor 2, ISSN:1411-027X, April 
2010. 
10. Nazaruddin Sinaga, Abdul Zahri. Simulasi Numerik Perhitungan 
Tegangan Geser Dan Momen Pada Fuel Flowmeter Jenis Positive 
Displacement Dengan Variasi Debit Aliran Pada Berbagai Sudut Putar 
Rotor, Jurnal Teknik Mesin S-1, Vol. 2, No. 4, Tahun 2014. 
11. Nazaruddin Sinaga. Kaji Numerik Aliran Jet-Swirling Pada Saluran 
Annulus Menggunakan Metode Volume Hingga, Jurnal Rotasi Vol. 19, No. 
2, April 2017. 
12. Nazaruddin Sinaga. Analisis Aliran Pada Rotor Turbin Angin Sumbu 
Horisontal Menggunakan Pendekatan Komputasional, Eksergi, Jurnal 
Teknik Energi POLINES, Vol. 13, No. 3, September 2017. 
13. Muchammad, M., Sinaga, N., Yunianto, B., Noorkarim, M.F., 
Tauviqirrahman, M. Optimization of Texture of The Multiple Textured 
Lubricated Contact with Slip, International Conference on Computation in 
Science and Engineering, Journal of Physics: Conf. Series 1090-012022, 5 
November 2018, IOP Publishing, Online ISSN: 1742-6596 Print ISSN: 
1742-6588.  
14. Nazaruddin Sinaga, Mohammad Tauiviqirrahman, Arif Rahman 
Hakim, E. Yohana. Effect of Texture Depth on the Hydrodynamic 
Performance of Lubricated Contact Considering Cavitation, Proceeding of 
International Conference on Advance of Mechanical Engineering Research 
and Application (ICOMERA 2018), Malang, October 2018. 
15. Syaiful, N. Sinaga, B. Yunianto, M.S.K.T. Suryo. Comparison of 
Thermal-Hydraulic Performances of Perforated Concave Delta Winglet 
Vortex Generators Mounted on Heated Plate: Experimental Study and Flow 
Visualization, Proceeding of International Conference on Advance of 
Mechanical Engineering Research and Application (ICOMERA 2018), 
Malang, October 2018. 
16. Nazaruddin Sinaga, K. Hatta, N. E. Ahmad, M. Mel. Effect of Rushton 
Impeller Speed on Biogas Production in Anaerobic Digestion of Continuous 
Stirred Bioreactor, Journal of Advanced Research in Biofuel and 
Bioenergy, Vol. 3 (1), December 2019, pp. 9-18. 
17. Nazaruddin Sinaga, Syaiful, B. Yunianto, M. Rifal. Experimental and 
Computational Study on Heat Transfer of a 150 KW Air Cooled Eddy 
Current Dynamometer, Proc. The 2019 Conference on Fundamental and 
Applied Science for Advanced Technology (Confast 2019), Yogyakarta, 
Januari 21, 2019. 
18. Nazaruddin Sinaga. CFD Simulation of the Width and Angle of the Rotor 
Blade on the Air Flow Rate of  a 350 kW Air-Cooled Eddy Current 
Dynamometer, Proc. The 2019 Conference on Fundamental and Applied 
Science for Advanced Technology (Confast 2019), Yogyakarta, Januari 21, 
2019. 
19. Anggie Restue, Saputra, Syaiful, and Nazaruddin Sinaga. 2-D Modeling 
of Interaction between Free-Stream Turbulence and Trailing Edge Vortex, 
Proc. The 2019 Conference on Fundamental and Applied Science for 
Advanced Technology (Confast 2019), Yogyakarta, January 21, 2019. 
20. E. Yohana, B. Farizki, N. Sinaga, M. E. Julianto, I. Hartati. Analisis 
Pengaruh Temperatur dan Laju Aliran Massa Cooling Water Terhadap 
Efektivitas Kondensor di PT. Geo Dipa Energi Unit Dieng, Journal of 
Rotasi, Vol. 21 No. 3, 155-159. 
21. B. Yunianto, F. B. Hasugia, B. F. T. Kiono, N. Sinaga. Performance Test 
of Indirect Evaporative Cooler by Primary Air Flow Rate Variations, 
Prosiding SNTTM XVIII, 9-10 Oktober 2019, 1-7. 
  
